Starburst99 is a comprehensive set of model predictions for spectrophotometric and related properties of galaxies with active star formation. The models are an improved and extended version of the data set previously published by . We have upgraded our code by implementing the latest set of stellar evolution models of the Geneva group and the model atmosphere grid compiled by Lejeune et al. (1997) . Several predictions which were not included in the previous publication are shown here for the first time. The models are presented in a homogeneous way for five metallicities between Z = 0.040 and 0.001 and three choices of the initial mass function. The age coverage is 10 6 to 10 9 yr.
Introduction
Synthesis models for comparison with observed galaxy properties, and in particular with spectral energy distributions, have become increasingly popular in recent years. This is partly due to improvements in stellar libraries and models. An overview over the latest achievements can be found in the conference volume edited by Leitherer, Fritze-v. Alvensleben, & Huchra (1996b) . At least equally important is the possibility of electronic dissemination of the data, either by CD-ROM or via the internet. Most groups who provide such models to the community make them available electronically. See Leitherer et al. (1996a) for a compilation of a suite of models. This paper concerns a particular set of synthesis models: models which are optimized to reproduce properties of galaxies with active star formation. In the absence of an active galactic nucleus, most radiative properties of such galaxies are determined by their massive-star content. The most extreme examples are referred to as starbursts (Weedman et al. 1981; Weedman 1987; Moorwood 1996) but the models in this paper are often applicable to less extreme star-forming regions and galaxies, like 30 Doradus and M33, as well.  hereafter LH95) published a homogeneous grid of synthetic starburst models. These models, together with those of Bressan et al. and Bruzual & Charlot (both published on the CD-ROM of Leitherer et al. 1996a ), Fioc & Rocca-Volmerange (1997) , and Cerviño & Mas-Hesse (1994) , are widely used to aide the interpretation of galaxy observations.
Although the LH95 models are still recently up-to-date and no major error was found, we decided to generate and release a new generation of models. There are two reasons for this. First, stellar modeling is continuously advancing, and some known shortcomings of the stellar atmosphere and evolution models used in LH95 have been improved. Specifically, we have included the new model atmosphere grid of Lejeune, Buser, & Cuisinier (1997) -5 -and the latest Geneva evolutionary tracks in our code. Other modifications include the possibility to perform isochrone synthesis, a technique which was pioneered by Charlot & Bruzual (1991) .
The second motivation for an update to LH95 concerns the distribution method.
While the LH95 data set is unofficially available via our website, the principal publication is on paper. Many users found this inconvenient and encouraged us to publish fully electronically. Therefore we decided not to include any tables with model predictions and only a subset of the figures in the hardcopy version of this paper. The full data set with all the figures is available in the electronic version of the journal and via our webpage, which is an integral part of this publication. The reader should visit the website at http://www.stsci.edu/science/starburst99/ to view the figures and to download the tables. Moreover, this website offers the opportunity to run tailored models remotely and to access our source code. The reader should use this paper as a guide when visiting our webpage.
The organization of the paper is as follows: In § 2 we outline our computation technique, the model assumptions, and the improvements over LH95. This section also explains how to reach our website and how to navigate. The spectral energy distributions are presented in § 3. Spectral line profiles in the ultraviolet (UV) are discussed in § 4. In § 5 we provide numbers for the stellar inventory. Luminosities and colors are in § 6 and 7, respectively. Properties related to the far-UV are presented in § 8. Some other useful diagnostic lines are in § 9. § 10 covers the mass and energy return of a stellar population.
We conclude with § 11.
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Model assumptions and computational technique
The present model set is an extension of our previous work which was published in several papers. Most of the earlier tables are in LH95. The energy distributions used in LH95 were made available electronically in Leitherer et al. (1996a) and on our website.
Ultraviolet spectra between 1200Å and 1850Å at 0.75Å resolution were originally published in Leitherer, Robert, & Heckman (1995) and distributed electronically in Leitherer et al. (1996a) . A set of spectra around O VI λ1035 and Lyβ was discussed by González Delgado, Leitherer, & Heckman (1997) . All mentioned models have been re-computed and included in the present database. The covered parameter space is similar to the one in LH95. Since arguments are given in LH95 for the choice of these particular parameters, we will be brief and only address those issues in more detail which are different from LH95.
We consider two limiting cases for the star-formation law: an instantaneous burst of star formation and star formation proceeding continuously at a constant rate. The instantaneous models (also referred to as a single stellar population) are normalized to a total mass of 10 6 M ⊙ . The star-formation rate of the continuous model is 1 M ⊙ yr −1 . These normalizations were chosen to produce properties which are typical for actual star-forming regions in galaxies.
As we did in LH95, we offer three choices for the stellar initial mass function (IMF).
The reference model is a power law with exponent α = 2.35 between low-mass and high-mass cut-off masses of M low = 1 M ⊙ and M up = 100 M ⊙ , respectively. This approximates the classical Salpeter (1955) IMF. Most observations of star-forming and starburst regions are consistent with a Salpeter IMF -although the uncertainties can be large (Leitherer 1998; Scalo 1998 ). For comparison, we also show the results for an IMF with α = 3.3 between 1 and 100 M ⊙ , which has a higher proportion of low-mass stars. Finally, we computed models with a truncated Salpeter IMF: α = 2.35, than scaling the existing data. Common sense is necessary when applying this scaling factor to instantaneous models in particular. The lifetime of a 2 M ⊙ star is only somewhat above 1 Gyr. Therefore burst models at 1 Gyr are actually only represented by a population of 1 -2 M ⊙ stars. Clearly even a small change of the lower mass cut-off will drastically alter the model predictions.
2
We have implemented the new set of stellar evolution models of the Geneva groupas opposed to the Maeder (1990) models in LH95. For masses of 12 -25 M ⊙ (depending on metallicity) and above we are using the tracks with enhanced mass loss of Meynet et al. (1994) . The tracks of Schaller et al. (1992) , Schaerer et al. (1993a , 1993b ), and Charbonnel et al. (1993 with standard mass loss are used between 12 and 0.8 M ⊙ . We have favored the enhanced mass-loss models over the standard ones because they are a better representation of most Wolf-Rayet (WR) star properties, except for the mass-loss rate (Ṁ ) itself. The high mass-loss rates of WR stars are in conflict with observations (Leitherer, Chapman, & Koribalski 1997) . This may suggest the lack of one or another ingredient in the evolution models, like rotation induced mixing processes (Maeder 1995) . The evolutionary tracks do not take into account binary evolution. Inclusion of Roche-lobe overflow in binary 2 A typographical error was introduced in eq. (3) of LH95: the numerator should be 0.80 instead of -0.35.
-8 -systems can modify some of the predictions, in particular during the WR phase. Models taking these effects into account were computed by Cerviño, Mas-Hesse, & Kunth (1997) , Vanbeveren, Van Bever, & de Donder (1997) , Schaerer & Vacca (1998) , and Dionne (1999) .
The Geneva models include the early asymptotic-giant-branch (AGB) evolution until the first thermal pulse for masses > 1.7 M ⊙ . Stellar evolution models in the AGB phase are rather dependent on input assumptions, and therefore quite uncertain. A recent comparison between different sets of AGB models was made by Girardi & Bertelli (1998) .
Five metallicities are available: Z = 0.040, 0.020 (= Z ⊙ ), 0.008, 0.004, and 0.001.
These are the metallicities of the evolutionary models. All element and isotope ratios are independent of metallicity. Note that we do not treat chemical evolution self-consistently:
each stellar generation has the same metallicity during the evolution of the population. The error introduced by this simplification is negligible as long as star formation proceeds for less than about 1 Gyr, otherwise self-consistent models are needed, such as those by Möller, Fritze-v. Alvensleben, & Fricke (1997) .
The models cover the age range 10 6 to 10 9 yr. In principle we could have evolved the populations up to a Hubble time but we decided not to do so. The evolutionary models are optimized for massive stars and become less reliable for older ages. Many properties can still be safely predicted beyond 1 Gyr whereas others (such as, e.g., near-infrared colors) become increasingly uncertain. We will comment on uncertainties when the individual figures are discussed.
Atmosphere models in LH95 were from Kurucz (1992) for most stars, supplemented by the Schmutz, Leitherer, & Gruenwald (1992) models for stars with strong winds, and black bodies for the coolest stars. Lejeune et al. (1997) closer to the main-sequence since the benefit of improved wind treatment would be more than compensated by the limited metallicity range available for such models.
The nebular continuum has been added to all spectrophotometric quantities, except to the energy distributions in Figures 7a-e, 8a-e, 9a-e, 10a-e, 11a-e, and 12a-e. We have assumed that all the stellar far-UV photons below 912Å are converted into free-free and free-bound photons at longer wavelengths (case B). However, the stellar far-UV flux has not been removed in the spectral energy distributions, as this would probably not be desirable for the user. To alert the user, the hydrogen and helium emission coefficients of Ferland (1980) do not extend longward of 4.5 µm. Therefore the nebular continuum at these wavelengths is undefined in our code. In practice, this is hardly relevant since dust emission often dominates at λ > 3 µm (Carico et al. 1988 ) and our models become inapplicable anyway.
All models shown here have been computed with the isochrone synthesis method, as opposed to the classical evolutionary synthesis method in LH95. Isochrone synthesis was introduced by Charlot & Bruzual (1991) as a technique to overcome the discrete appearance of the model predictions at late evolutionary stages when the resolution in mass of the -10 -evolutionary models becomes inadequate. Instead of binning stars in mass and assigning them to a specific track, continuous isochrones are calculated by interpolating between the tracks in the HRD on a variable mass grid using a subroutine originally provided by G. Meynet. This scheme generally produces smooth output products, the only exception being quantities related to supernovae (see below).
The time resolution of the model series is 0.1 Myr. Spectral energy distributions, however, are given only at time steps during which significant changes occur.
The model predictions are discussed in the following sections. A summary of all the figures is in Table 1 . Each figure has five panels (a-e) for each of the five metallicities.
An exception are Figures 13 through 36 which show UV line spectra. These spectra are for Z ⊙ only, as the library stars are currently available only for this metallicity. The models will be extended as soon as non-solar library stars become available (Robert 1999) . The data files which were used for the generation of the plots can be viewed and 
Spectral energy distributions
Spectral energy distributions for all five metallicities, the three IMF parameterizations, and the two star-formation laws were calculated. The wavelength coverage and spectral The most dramatic changes occur in the far-UV below 912Å, and even more below 228Å in the He ++ continuum. O stars dominate during the first few Myr, followed by a brief period at ∼4 Myr when WR stars contribute with their strong far-UV flux. Eventually the burst population fades away. Metallicity enters both via the continuum and line opacity (compare the 2600Å region at low and high metallicity) and via stellar evolution. The latter effect can most readily be seen in the strength of the He ++ continuum. It is strongest at high metallicity when WR stars preferentially form, and it is weakest at low metallicity (see also the discussion in § 8).
The continuous star formation case for the same IMF is in Figure 2a -e. Most of the prior discussion holds for this figure as well. Once the stellar types responsible for the photon contribution to a wavelength interval have reached equilibrium between birth and death, the particular wavelength region becomes time independent.
We move on to different IMFs. The instantaneous and continuous cases, with α = 3.3, -13 -
Ultraviolet line profiles
Two spectral regions with useful diagnostic lines were computed at higher resolution.
The wavelength range from 1200Å to 1850Å has the strong resonance lines of C IV λ1550, Si IV λ1400, and N V λ1240. At shorter wavelengths, O VI λ1035 and Lyβ are of interest.
The spectra described in this section were computed with a normalized library of stellar UV spectra and absolute fluxes derived from the energy distributions shown in the previous section. We did not use the energy distributions directly since they are not featureless.
Rather we derived a featureless continuum by fitting a spline through line-free sections of the model atmospheres.
The 1200Å to 1850Å region
The 1200Å to 1850Å region is readily accessible to many satellites, like IUE or HST.
We synthesized spectra from an IUE high-dispersion library of O-and WR-spectra and a low-dispersion for B stars. The spectral library and the method are discussed in Robert, Leitherer, & Heckman (1993) and . The resolution is 0.75Å, adequate for typical spectral data of extragalactic objects. This resolution is only reached during phases dominated by O-and WR stars, as is the case for young (t < 7 Myr) bursts and for the continuous case at any time. Otherwise the effective spectral resolution approaches the resolution of IUE low-dispersion spectra (6Å). The upgrade of the B-star library from lowto high-dispersion has been completed and will be implemented in the future (de Mello, Leitherer, & Heckman, in preparation; Robert, Leitherer, & Heckman, in preparation) .
Only solar metallicity models are shown since the library stars have solar or somewhat sub-solar metallicity. A spectral library of massive stars in the Magellanic Clouds is being developed and will be available in the future (Robert 1999; Robert, Leitherer, & Heckman -14 -1999 , in preparation). 
The 1015Å to 1060Å region
The wavelength region shortward of Lyα in local starburst galaxies is accessible to, e.g., the FUSE mission (Sahnow et al. 1996) and can be observed in star-forming galaxies at high redshift from the ground. One of the strongest stellar-wind lines is O VI λ1035 36 ). An IMF biased against massive O stars suppresses O VI λ1035 and strengthens C II λ1036. Even at the earliest ages the absorption trough around 1025Å is mostly due to Lyβ, and not O VI λ1035.
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Massive-star inventory
In this section we give number predictions for massive stellar types that can be easily "counted" even in distant galaxies: O stars, WR stars, and supernovae (SNe).
O-star numbers are in Figures 37a-e hole rather than producing a core-collapse SN (Maeder 1992) . If so, the predictions of
Figures 43a-e and 44a-e would hardly be changed because the SN rate is strongly weighted towards the lowest progenitor masses.
The user should be aware of a computational issue which can be seen in Figures 43a-e and 44a-e. The graphs show discontinuities at the factor-of-2 level where there should be none (e.g., around 10 Myr in Figure 43) . A simple argument suggests that the SN rate should be a smooth and almost constant function of time. The rate scales with the -18 -product of the IMF and the mass-age relation. For a Salpeter IMF and a mass-age relation t(m) ∝ m −γ with γ ≈ 1.2 (Schaerer et al. 1993b ) the SN rate of an instantaneous burst becomes essentially time-independent (Shull & Saken 1995) . In other words, there are more and more SN events for lower masses since there are more progenitors available, but at the same time it takes longer for a star to turn into a SN. Obviously the discontinuities in Figure 43 are not physical. They result from a peculiarity of the isochrone synthesis interpolation technique. The code attempts to optimize the mass interval size for the interpolation. This works extremely well, except when only stars in an infinitesimal mass interval are relevant, as is the case for the SN rate. The same applies to all quantities which are directly dependent on the SN rate, like the energy release from SNe. We decided not to artificially smooth the curves since this would be a subjective process and we did not want to treat SN-related quantities different from the other predictions. We remind the user to apply common sense when interpreting the figures. The correct supernova rate between 5 and 35 Myr for an instantaneous burst in Figure 43 is about 10 −3 yr −1 (LH95).
Luminosities
We give the total and monochromatic luminosities at selected wavelengths. We have chosen the V , B, and K passbands, as well as a UV wavelength at 1500Å since these are This apparent metallicity dependence results from the failure of the evolutionary models to predict correct RSG properties at Z ≤ 0.008. This effect was pointed out before by Mayya (1997) and Origlia et al. (1998) . Low-metallicity RSG models have too high surface temperatures and too short RSG lifetimes. Uncertainties in the mixing processes at low metallicity are a possible explanation (Langer & Maeder 1995) . Currently there are no self-consistent stellar evolution models available which correctly predict the variations of blue-to-red supergiants with metallicity. Therefore our (and most other) synthesis models are incorrect during phases when RSGs are important. An empirically adjusted set of synthesis models was prepared by Origlia et al. (1998) but these adjustments were not made for the model set in this paper.
Luminosities at 1500Å (Figures 53a-e and 54a-e) were computed by averaging over the wavelength interval 1490Å -1510Å. This wavelength becomes observable from the ground at redshifts larger than ∼2, and the luminosity at 1500Å is a useful indicator of the star-formation rate, or, in connection with the Hα luminosity of dust obscuration (Pettini -20 -et al. 1997) . The 1500Å luminosity is a very robust prediction, with few uncertainties since the continuum at this wavelength comes from well-understood late-O/early-B stars.
Colors
Optical and near-infrared (IR) colors were calculated by convolving the spectral energy distributions with the filter profiles. The filters are in the Johnson (1966) The RSG issue raised before applies to some of the color plots for low metallicities as well. The strong metallicity dependence of the RSG feature around 10 7 yr is related to the effects discussed in § 6.
Rather than colors, we give continuum slopes in the UV. We define the slope β as -21 -the spectral index of the spectral energy distribution: F λ ∝ λ β . Two indices are shown, one for the average slope between 1300Å and 1800Å (Figures 71a-e and 72a-e) , and one for the 2200Å to 2800Å region (Figures 73a-e and 74a-e) . The slopes were simply derived by fitting a first-order polynomial to the spectra through the wavelength intervals 1280Å -1320Å and 1780Å -1820Å for β 1550 , and through 2180Å -2220Å and 2780Å -2820Å for β 2500 . This should serve as an approximate guide for the variation of the slope with time but becomes increasingly meaningless if the actual spectrum deviates from a power law. Figures 1 through 6 suggest that spectral energy distributions with ages less than ∼200 Myr are indeed well approximated by a power law in the UV but that this assumption is no longer correct at older ages. The UV slopes are quite independent of evolution and IMF effects for the first 30 Myr. This property makes them very useful for deriving UV extinctions in galaxy spectra (Calzetti, Kinney, & Storchi-Bergmann 1994) .
Therefore the spectral slope of the restframe ultraviolet spectra of star-forming galaxies at high redshift can be used to estimate the effects of dust obscuration in the early universe (Calzetti & Heckman 1999 , and references therein).
Far-ultraviolet properties
The predictions in this section rely on our capabilities to model the stellar far-UV continuum below 912Å since this spectral region is generally not accessible to direct observations. A comparison between different models for hot stars in this spectral region has been made by Schaerer & de Koter (1997) . The internal consistency, as judged from differences between the models, is within 0.1 dex between 912Å and 504Å, which is Far-UV models for stars colder than about 30,000 K (types B and later) are lagging behind. Cassinelli et al. (1995) found discrepancies by two orders of magnitude between the observed extreme-UV flux of the B2 star ǫ CMa and model predictions. Even slight errors in the adopted wind parameters can produce huge far-UV flux variations at these relatively low temperatures (Schaerer & de Koter 1997) .
We define the Lyman break as the ratio of the average flux in the wavelength interval 1080Å -1120Å over that between 870Å and 900Å. These wavelength intervals are relatively free of line-blanketing so that we measure mostly temperature rather than line opacity. The Lyman break is about a factor of 2 to 3 in O-star dominated phases and drops thereafter . The warnings about model uncertainties for the Lyman continuum of cooler stars apply to the instantaneous case. to the line luminosities are in LH95.
Other diagnostic lines
In this section we present a few more diagnostics that can be useful to isolate a stellar population in a galaxy spectrum. They are all related to stars off the main-sequence: WR stars, RSGs and SNe.
In [Fe II] λ1.26 is useful to count supernovae in starbursts (Figures 93a-e and 94a-e). The supernova shock wave destroys interstellar dust grains, thereby releasing iron atoms and ions which had condensed on the dust grains. We adopted the scaling relation of Calzetti (1997) to convert the supernova rates into [Fe II] line luminosities.
The remaining figures in this section are related to RSG properties. We repeat again -24 -that the predicted properties of post-main-sequence stars are not reliable and that all phases dependent on RSG properties at sub-solar metallicity are suspect. We begin with the spectroscopic CO index at 2.2 µm (Figures 95a-e and 96a-e) . We follow the definition of Doyon, Joseph, & Wright (1994) who expressed the CO strength as a function of temperature for dwarfs, giants, and supergiants. The index is set to 0 for T eff > 6000 K.
We also computed the strength of the calcium triplet at λλ8498Å, 8542Å, 8662Å
(Figures 97a-e and 98a-e). The equivalent width of the sum of all three lines is related to gravity (log g) and metallicity by the relation W (CaT ) = 10.21 − 0.95 log g + 2.18 log Z/Z ⊙ (Díaz, Terlevich, & Terlevich 1989; García-Vargas, Mollá, & Bressan 1998) . The predicted values neither take into account nebular emission nor stellar absorption of higher Paschen lines which fall in this wavelength region. Observations must be corrected for these lines, if present, before a comparison is made.
Evolutionary synthesis models for the first and second overtones of CO at 2.29 µm and 1.62 µm and for Si I at 1.59 µm were presented by Origlia et al. (1998) . The models in The theoretical library of Origlia et al. (1993) which was used for Si I is less reliable than that for CO so that care is required when using the Si I models.
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Mass and energy return
The previous sections cover stellar numbers and radiative properties. Here we turn to non-radiative properties of the stellar population. The input physics is discussed in greater detail in Leitherer et al. (1992) . The figures in this section show the mass and energy input by stars and SNe. Only core-collapse SNe are considered. They are assumed to release 10 51 erg per event in the form of kinetic energy, independent of metallicity. We do not address the efficiency of thermalization, which would require hydrodynamical modeling.
The simulations of Thornton et al. (1998) suggest that about 10% of the available kinetic energy can actually be used to pressurize the interstellar gas. The remaining 90% are radiated away.
The rate of mass return of stellar-wind and SN material is plotted in Figures 105a-e and 106a-e. The adopted mass-loss rates are not those of the evolutionary models but those favored by Leitherer et al. (1992) and LH95. We prefer this approach over simply using the evolutionary mass-loss rates. In our opinion, the evolutionary mass-loss rates are too high (see Section 2) and should be considered only as an adjustable parameter in evolution models but are not directly related to the observed mass-loss rate. Slight This quantity is useful to evaluate the exhaustion of the gas supply in a galaxy or the degree of chemical pollution by wind and supernova material. 
Conclusions
We have computed a large grid of predictions for observable properties of galaxies with active star formation. The distribution of the models is purely web-based. We believe the community will find this method more useful than a hardcopy publication. All the figures discussed in this paper are at http://www.stsci.edu/science/starburst99/.
This webpage provides links to other spectrophotometric databases as well.
It is worthwhile to recall the most important short-comings and uncertainties of the -27 -models:
Chemical evolution is not treated self-consistently. Each stellar generation has the same chemical composition. This becomes a concern for models which are evolved over times during which significant changes in the metallicity of the ISM occur. In this case spectra will have a wavelength dependent metallicity. Generally, light at shorter wavelengths is produced by more massive and younger stars, which are chemically more evolved than older stars.
Binary evolution has been neglected. Although about 50% of all stars form in binaries, it is not clear if a significant fraction of these binaries has an evolutionary history that differs substantially from single-star evolution. There is disagreement in the literature on this point. Under these circumstances we took the approach of implementing the simpler of the two alternatives, as nature itself often prefers to do.
Mass loss and mixing processes in stellar evolution are still poorly understood. Stellar phases, like WR stars or RSGs, are particularly affected by such uncertainties. The main culprit is the lack of a self-consistent theory which makes the introduction of adjustable parameters necessary. These parameters then are sometimes extrapolated into a regime for which they were not calibrated, such as metallicity.
The situation is particularly disturbing for red supergiants whose properties are badly reproduced at low metallicity. There is no easy work-around for the user of evolutionary models, except for an empirical adjustment of the tracks. We have discussed such an adjusted model set. Clearly, a strong effort on the stellar evolution modeling side is called upon for improvements.
Our models put most of the emphasis on early evolution phases. Later phases, like AGB stars or white dwarfs are covered only crudely or not at all. While improvements to our code can be made, our prime goal and expertise is related to massive, hot stars, and we decided to optimize this stellar species first.
-28 -Despite the warnings, the model set should turn out to be useful for the interpretation of observations of star-forming galaxies. For maximum benefit, the user is encouraged to compare our model predictions with those of other groups, such as those mentioned earlier in the paper.
To provide maximum flexibility, we offer the user to run tailored models at our website.
Instructions on how to run the code and how to access the results are given at the website.
The Fortran code is distributed freely and can be retrieved from the website as well.
Harry Payne helped us trouble-shoot numerous bugs and pitfalls we encountered 
